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MOTIVATION

PHYSICS CASE FOR
PHYSICIST TO MOTIVATE

ENERGY REQUEST
* FEW MeV/uU TO REACH AND PASS COULOMB BARRIER
* GeV FOR BETA BEAMS

-> NEED FOR POST ACCELERATION OF ISOL BEAMS

AND

Q IN LINAC

Q2 IN CYCLOTRON
MASS-TO-CHARGE RATIO (A/Q) < |/9

ENERGY

High energy q* ions

Experiment

TRIUMF N~ HREX-ISOLDE
Rue & g~ =00

* Pulsed LINAC
« CWLINAC
* Cyclotron

Mass
analyzer

Low energetic | q* ions

Post
acceleration of
ISOL beam

i Low energeticf 1* ions
High energy Primary J
. target
driver beam
— g
. -
e.g. protons, ions
Analyzing
magnet

THE IDEA
CHARGE BREED (I* — N*) LOW-ENERGY IONS

SIMPLICITY(?)
EFFICIENCY(?)
COMPACTNESS
(SHORTER/SIMPLER/CHEAPER LINAC)




BRUTE FORCE HOW LONG WOULD A |* LINAC BE?

* VVnucl [MeV/u]=EacceIeration [V/m] * CI/A [e/u] *L [m]
* Eycc ~ 5 MV/mM ACCELERATION FIELD
LIMITS

* LIMITED TO /A< I/30 OR 1/60

* PRICE FOR A LINAC ~0.5 MUSD/M
. * PRICE ESTIMATE |+ ACC — PURE SCALING

%\ FINAL ENERGY  MASS LENGTH PRICE
(MEV/u) (A) (M)  (MUSD)
5 100 100 50(!)
10 100 200 100(!)

CERN proton LINAC2

* Price 38 MCHF

* Field gradient linac 1.5 — 2 MV/m
* g/A=1, 50 MeV, 34 m, 3.3 m RFQ



CLASSIC CONCEPT — STRIPPING ‘

Slow electrons
Fast ions

++++++ > : M]

Stripper foil

© SIMPLE METHOD AND FAST (uS ISOTOPES)
® NEEDS PRE-ACCELERATION

IN GAS STRIPPING 8 TO 20 KEV/U

IN FOIL STRIPPING ~0.5 MEV/uU
® EMITTANCE GROWTH (LONG AND TRANS) w7 >

—7-92.q-4

© NO MACRO-BUNCHING CAPABILITY " //H\‘>‘\ A
2 40
E w0 / ><\ B N
EXAMPLE — SPES SCENARIO : | /S L7 S~ | T
BUNCHING EFFICIENCY 65% | = a4
GAS STRIPPING AT 8 KEV/U L0% N ]
STRIPPING FOIL AT 500 KEV/U 20% ’

0 10 20 30 40

IN TOTAL (SINGLE CHARGE ACC OF 'S2SN) 4% Beamencrey (Vi) RIA project




MULTI-CHARGE STATE ACCELERATION

* ACCELERATE MULTIPLE Q AFTER
THE STRIPPER

p

* AQ/q OF ~20% CAN BE ACCEPTED

© HIGHER INTENSITIES

Stripping efficiency (%)

Charge state
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V4
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WA /
50 n ) 7 ® & (TRANS. AND LONG.) ~3 LARGER
40 %\ \ Multiple charge state COMPARED WITH SINGLE CHARGE
30 Pt ey
[~ STATE ACCELERATION
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MCA and overall stripping efficiency (RIA)

RIA PROJECT




* PRODUCES MULTIPLY CHARGED IONS

* |ONS ARE TRAPPED IN A MAGNETO-

* |ONISATION BY € BOMBARDMENT
FROM AN MONO-ENERGETIC € BEAM

THE EBIS CHARGE BREEDER

ELECTROSTATIC TRAP
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g CHARGE DEVELOPMENT FOR
— STEPWISE IONISATION
Sblt;)an
S * ~25% IN ONE CHARGE STATE
n*-ions o

* MORE NEAR CLOSED SHELLS

* VARY Tareeoms — VARY CSD




k—1
EBIS CHARACTERISTICS | CHARGE ;  _ 5 ¢
STATE g=10g—>q+1

BREEDING CAPACITY

_1.05- 107 - 1.L Typical ionization times (A/q<4.5)

C k (Calculated REXEBIS values)
\/U7e 2Ca'2* 20 ms
C = number of elementary charges TONj16+ 22 ms
| and U, = e- beam current and energy 787018+ 30 ms

k = neutralization factor

865 @20
L = trap length Se® 40 ms

94K 21+ 50 ms

. 102R h23+
REAL VALUES b Rb 60 ms
. =05A : 134Cd30+ 120 ms
U, =5 000 eV : - 144%e32¢ 150 ms
-To8m . 1488533+ 160 ms
k = 50% @ _1'2
~3-10'0 charges | © SHORT BREEDING TIME

© ELEMENT INDEPENDENT




EBIS CHARACTERISTICS |l

EMITTANCE / ACCEPTANCE

FILE: H12846. EMI

TIME STRUCTURE

25-Sep-AQ
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| Ext AC BBEmY 580

© EMITTANCE
® BUNCHED INJECTED BEAM <50 us 10 7-MM-MRAD (95% AT 20 KV)

® SMALL EMITTANCE => SMALL ACCEPTANCE
© BUNCHED EXTRACTED BEAM ~10 m:MM-MRAD (95% AT 60 KV)

(I0 us TO SEVERAL MS) * DEPENDENT ON:

© ENERGY SPREAD < 50*qg EV BREEDING TIME, NEUTRALIZATION ETC




PREPARATORY PENNING TRAP

PRINCIPLE

* CONTINUOUS INJECTION

* BUNCHING (10-20 pS BUNCH EXTRACTED)
* COOLING (10-20 MS)

RESULTS REXTRAP

(HE), L1,...,U

EFFICIENCY 43 %

EMITTANCE >I10 © MM MRAD @ 30 KEV

® SPACE CHARGE EFFECTS WITH SIDEBAND
COOLING OF MORE THAN |0° IONS/PULSE
=> 107 IONS/S

-Usin(wt)

s 4 & 3

Accumulation Cooling Ejection

THE LARGE REXTRAP AT ISOLDE

IN PRESENT EBIS CB CONCEPT,
TRAP IS THE LIMITATION (108 IONS/S)

cosmt/g

m, ng = (B2 £0)/(2 m)

%)Y BRILLOUIN LIMIT
Usin(wt)

-Ucos(wt)

See also P. Delahaye’s poster



REX-ISOLDE BUNCHING/COOLING/BREEDING ‘

* REPETITION RATE UP TO 100 Hz
*Q/A ~ 1/4.5

* MASS SEPARATOR (ACHROMATIC)
RESOLUTION >100

© RAMP EBIS PLATFORM VOLTAGE —>
DECOUPLE ISOL PART AND LINAC

EFFICIENCIES (DESIGN VALUES)
* trap bunching: 90%
* beam transport: >85%
* EBIS injection: >50%
« EBIS Q/ZQ;: 30%

— 2ef 12% in one charge state

PRICE FOR EBIS AND TRAP
~|.1 MUSD IN TOTAL




EXTRACTION MASS SPECTRUM |

LOW INTENSITY BEAMS

* EBIS IS UHV
(LOW RESIDUAL GAS, ~I0""' MBAR)

© HANDLE fA BEAMS

© NEEDS UHV CONDITIONS FOR
OPERATION
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18
16
14 -

12 S

-
o
|

o
|

Ne"

O5+
—
=
—

26Na
Alg=4

4
l Ne™*
+
(o))
<

Magnet current A

EXAMPLE OF BEAM CONTAMINATION — LI RUN

*9Li2*, run at A/g=4.5

* Contamination of 1804+
rest-gas of 1-10% ions/s

* Time gate =>
15 times higher Li than O




lon current pA

* STRONG NE CONTAMINATION FROM TRAPl

EXTRACTION MASS SPECTRUM

VARY BREEDING TIME

* HIGHER INTENSITIES — >100 pA INJ.
* LOWER EFFICIENCY BUT OVERALL

MORE PARTICLES THROUGH
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NB! PENNING TRAP

BREEDING EFFICIENCY EFFICIENCIES NOT INCLUDED!

CB IN REXEBIS
STABLE RADIOACTIVE
Li2* ILi%*
23Ng7+  24-29Ng7+
27 A8+
24\ g8+ 30\ g8+
39K 10+

138R 526+
133(Cg32+

153G 28+

12%

Efficiency

BEAM TRANSPORT + EBIS + MASS ANALYZER

+
N

10+

+
- ~

o°)
X

7+
23+

32+
|

N
X

o
X

24 25 26 27 39 133 133
Mass

© INDEPENDENT OF MASS

© CAN IN PRINCIPLE REACH ~30%
(N7+ 30% & AR'“* 9.4L% IN SACLAY AND STOCKHOLM)

EBIS DRAWBACKS AS CB
@ LIMITED CHARGE CAPACITY

@ CATHODE LIMITED LIFETIME
@ COMPLICATED




ELECTRON CYCLOTRON
THE ECRIS CHARGE BREEDER SR AEE G BalRCE

Plasma

PRINCIPLE
* INJECT VERY SLOW IONS THROUGH
A PLASMA OF HOT €-
® * ELECTRON ENERGY - A FEW KEV
°  * DENSITY <I-10'3 s/cM3
* |ONIC CONFINEMENT t,~I0 MS TO A FEW 100 MS

Magnetic Field Lines

RF injection N 7 separation
4 Dg/ from residual

g gas ions
f——— o

Most listed ECRIS \
CB results are from: %

I: - vz solenoid

Grenesb._.e i .

poraioire de Pysiaue singly coils

ubatomigue et de Cosmologie Charged n+ionS
IN2P3

ons * MAGNETIC FIELD CONFINEMENT
* RF INJECTION

v
et or Pavsigue nes Parricvres




ISOLDE ECRIS CB
T mass

ECRIS AS CHARGE BREEDER " beam > analyzer

© |I* INJECTION CONTINUOUS OR BUNCHED
© NOT SO COMPLEX
* CHARGE-TO-MASS RATIO OF <I/6

ECRIS
) / %\ Dotlbll:nsmzel 1+ Faraday 1+ s _gstromefer

Vertical

© ECRIS MAGNETS ON GROUND =>
pulsation j AVOID HV PLATFORM WITH 50 KW
1+ sourc

® INJECTION = EXTRACTION VOLTAGE =>
PRICE FOR PHOENIX AND * VARY |* SOURCE POTENTIAL

RF GENERATOR ~300 KUSD * OR USE A VE-RFQ




ECRIS CHARACTERISTICS |

9
CONFINEMENT TIME 5
)
* |0 MS PER CHARGE STATE :
* BREEDING TIME # CONFINEMENT TIME %
© CHARGE TUNING WITH &
(]
RF POWER .
MAGNETIC FIELD, =
SUPPORT GAS PRESSURE
ms 80 -
70 - /.
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50 | /
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500 1000 1500 2000
1* charge intensity (nA)

S

INTENSITY VS EFFICIENCY

© NO PROBLEM WITH 10'2 |ONS/S
© ECRIS CAN ACCEPT >puA
© NO EFFICIENCY DECREASE

WHEN DECREASING THE CURRENT




ACCEPTANCE / EMITTANCE

a=55 1 mm mrad 90%
(12 kV 2 pA Ar*)
Similar for metallic ions

ECRIS CHARACTERISTICS I |

BEAM ENERGIES o

Neon Krypton

3 o I
5 .
g N ‘
E nﬂ 60 85 70 75
S low EinjD mm
z ¢=45 © mm mrad 90%
NS o (12kV 1.2 pA ArtY)
-80 -70 -0 -50 -40 -30 -20 -10 ' 0 10 20 30 20 l I ' | I
DeltaV " i
lonization efficiency vs injection voltage o i
® MAX AV FOR INJECTED BEAM — SOME V gy EMitance, SRR
o] TRIUMF i
llaborati
* EXTRACTED ENERGY SPREAD ~ | V * q B

mm



EXTRACTION MASS SPECTRUM ‘

25000
20000
15000

nA

10000

5000

© HIGH GLOBAL EFFICIENCY
=> LOW ACTIVATION

* GLOBAL CAPTURE ~50% POSSIBLE

(EXTRACTION IN TWO DIRECTIONS)

* CSD BROAD DUE TO
CONTINUOUS INJECTION

REST-GAS
o0 20 18 PEAKS
700 - \7k J 16 REMOVED
500
f/
nA

300

100 -
-100 8! 0 100

separator setting (a.u.)

INJECTED BEAM: In* 520 nA, 20 KeV
RF POWER @ |4 GHz: 340 W
TOTAL HV CURRENT: 1.1 mA

*N(1*—>18*) = 6%
* GLOBAL CAPTURE = 45%

He"*
o~ Ini8+
06-' i / 02+ Ol+
| A
L |
. As Lh JI;J‘.ILIL d “‘__h. A J\_h g .
30 80 130 180

separator setting (a.u.)




NOISE LEVEL IN BETWEEN
RESIDUAL GAS BACKGROUND RESIDUAL GAS PEAKS?

* KEK-JAERI| HAS |0 NA
® TOTAL EXTRACTED CURRENT I-2 MA IN 6<A/q<7

* WORKING PRESSURE = | TO 10-107® MBAR
* RESIDUAL GAS PEAKS >> RADIOACTIVE ATOMS

RESIDUAL GAS SUPPRESSION
WIEN FILTER

*
* BAKEABLE UHV DEVICES?
* NOoN UHV PHOENIX BOOSTER SPECTRUM, A/Qq=0-70 * MONOISOTOPIC BUFFER GAS
*
*

3.5E-09 ] - LE-09 . N E G S
ntensity (A) A lh | N d | Intensity (A) |
| I {f« 1 SECRET IDEAS!

2.5E-09

2.0E-09 6E-10
SE-10
1.5E-09
u 4E-10
1.0E-09 * ] ]
I | 310 Molecules
S.0E-10 l ' I 2E-10 Fe
| MJI'”J 1E-10 \ ,\ f\ H \ Cr R
0.0E+00 1} APV, \J \ \ \/\ \ \ \
Vi ‘ OE+0D J ')\« V. W .Y Wi
-5.0E-10 l MR -LE-10 I S

01 2 3 4356 78 l
9 10111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 35 36 37 38 39 40 41 42 43 44 .45 46 47 48.49 50 51 52 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70



ELEMENTS WHICH HAVE BEEN EXPERIMENTALLY

PRODUCED ELEMENTS STUDIED WITH THE ISN-ECRIS CHARGE BREEDER

PERIODIC CHART OF THE ELEMENTS

I¥YB YB YIE V¥YIIB ¥ 1B HE 1A I¥A YA
1 1 2z
1.!;!9? 100797 |4.0026
© WORKS FOR ANY ELEMENT St L3
|+ 10811 120112 15,9994 16,9954
14_ 1% : 17 & &
AND ANY SOURCE 28.0g5 309738 |80 0ed | 35453 :
73 T ] 33 | 34 | 35
© FAST SETUP: DIFFERENT e i it
EY EEN e T 57 | 53 | o9
STABLE BEAM WITHIN AN HOUR gls?s 102,!;'5 |1:n>s(4:i %gn . 1821?; :Iz-??n 126.904 R 151 dn
73 77 | 78 | 79 [ 80 | 81 33 | B9 ] 85 | 86
132.9305 157,34 | 136.91 | 17849 [150.948 1|9!.2 1'9::.}9 wAs.!:":al? !;!g 2-u|:.!? H 20Es.;9|ao l[:z)é]) [2A101]: l[?z'z?
97 | 88 ({89 [ 104 [ 105 109 [ 110 [ 111 | 112
Er|Balag B R M2 1212

E AS I E S T #* Lanthanide Series
59 60 61 62 63 64 [ 66 67 [:] 69 70 Fil

Ce|Pr Nd Pm|Sm|Eu (Gd|Tb |Dy|Ho |Er Tm|Yb|Lu

NOBLE GASES 140,12 |140.807 | 144.24 | [147) 150.35 [ 151.96 [ 157.25 [155.924 | 162
+ Actinide Series

a0 94 a5 96 100 101 102 [ 103

HEAVIER ELEMENTS Th Pu|Am|(Cm|Bk |Cf [Es Fm|Md|No | Lr

(2420 | (243 | rz4n | r2em | (249 | 254 | (258 | (2560 | 2560 | (2570
institut des Sciences Nicléaires de Grenabie

Sl % man: uIp A

TRIUMF-VANCOUVER / IN2P3-ISN COLLABORATION
* “DAILY PRODUCTION" OF A/q = 7

* ELEMENTS PRODUCED IN ~I0 DAYS:
115|n 109Ag 64Zn 1208n 88Sr 69Ga 9OY 39K 85Rb 59CO

* CHARGE BREEDING EFFICIENCY OF AT LEAST 3%



PULSED EXTRACTION

* EXTRACTION CW OR AFTERGLOW PULSED
* AFTERGLOW METHOD = SWITCH OFF RF

* PULSED EXTRACTION FOR
SYNCHROTRONS AND PULSED LINACS

Jm
off

TRb“* E 10" chft

RF power (ECR)

0.1
Rbl+

0.2 03 04 0.6 0.8 1 sec
160 nA ~ 1012 chisec -

Leh

B

)

LINAC
on

off

T
s O

~ 30
2 25 1
5 20 -
S 15
(e
S 10
AN
O K
[«
O I I I I |
-5 0 5 10 15 20

Time (ms)
Typical afterglow signal
for charge bred Pb27+

CB WITH AFTERGLOW EXTRACTION
* BEAM IN RB'*

* BEAM OUT RB!®*

20 ms NB! Old ECRIS

6-10'© CHARGES/PULSE
3-10"" CHARGES/S

2.2 % EFFICIENCY




ECRIS CBS AROUND THE WORLD‘

CoMPARISON ECRIS AND REXEBIS AT ISOLDE

\

Diagnostic :
tape station, cup

R

11111 30 kV
) "1  |soLDE

lon
source

Laser
Surface ionization
Plasma

ECRIS 4 n*ions
‘PHOENIX”
14 GHz

Injection: 30

%
Quadrupoles |
einzel lenses —

RESULTS FROM KEK-JAERI

* |8 GHz ECRIS, A/Q<7
* 6.5% BREEDING EFFICIENCY XE* TO XEZ20*

*FROM 10 10 I8 GHz
(28 GHz POSSIBLE)

* MODULAR AXIAL B-FIELD

* |ISAC (TRIUMF) HAS
ALSO A PHOENIX
UNDER COMMISSIONING
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5 b

o
2]

o
)

FUTURE EBIS

GOAL OF 5 MS =  * REPETITION RATE 200 Hz
(1000 A/cM? * NO LIFE-TIME LOSSES AT

WHAT TO IMPROVE ON EBIS?
|.  SHORTENING OF THE Tgeeeome | e
2. CONTINUOUS INJECTION —
3. INCREASED CHARGE CAPACITY

DUBNA) > * HIGH CAPACITY

potential barrier for the
multi-charged ions

\[f\ singly charged
radioactive ions
nt /

potential b:: rrie

c
—~
N
—

|

Potentia!

Bl [

Charge Extralcted from BNL EBIS

Aus* A/Q~6 .
40 ms breeding
y_|
Gpdl/
Au *
* RHIC requirement,
. scaled to EBTS
R trap length
2>
2 4 6 6 10

Electron Current (A)

for the singly

: _m BHI]I)I(II&I’EII charged ions

NATIONAL LABORATORY N

Continuous injection / Accu EBIS
with RFQ cooler

ADVANCED CHARGE BREEDING |

° hot 1ons
® coldions

potential
well

extraction
barrier RF excitation



PHOENIX 28 GHz
TRENDS IN ECRIS DEVELOPMENT high current extraction (Lead)

A 650,0 .

500,0

¥ SHORTER EXTRACTION PULSE 400,0

v

100,0

* SHORTER CONFINEMENT TIME

MODULAR ECRIS 05 e
Shorter and higher afterglow

* HIGHER CHARGE STATE / LARGER CAPACITY / BETTER |* CAPTURE
HIGHER RF FREQUENCY
N oc Wre? (SCALING RULE)
Bresonance~®@re -> HIGH B-FIELD AND SC SOLENOIDS

Optical coupling of the UHF power : \
* <100 KW / 1 ms each 20 s ﬁ

* MgF = 37.5 GHz i
'”""\V/"’

Very simple

magnetic system

GYROTRON SIMPLE MIRROR EXTRACTOR
37.5 GHz MAGNETIC TRAP up to 30 kV

IAP Nizhny Novgorod + LPSC 0KV !3ms B4 B =55 T




BREEDER RING

OPERATION EFFICIENCY
Breeder
4 ) le=nall-u(1-a)] NB! Decay
: n=extraction eff. losses
I l Doul;le EIeCTmST?:'C a=ionisation eff. excluded.
cycling FULE) u=ring transport eff.
\ A
1+ 27 s N+ Example: n=0.9, a=0.8, p=0.9 => 0.87
Large dispersive magnetic separator/merger PROBLEMS
" * ADDED DELAY TIME
T / 2" 3+ |7 * TRANSPORT LOSSES
—> 1] / P —> * EXTRACTION/INJECTION LOSSES
J I ~ ¥ <% U\
L \\// [HA N
Merger : :
ﬂ Idea from E. A. Lamzin, Russia

Pursued by A. Villari and GANIL



4 Stripper EBIS ECRIS
. . 3, passive element 1, complicated 2, medium
Simplicity :
(SC, URHV, e-gun) | (RF, beam tuning)
Beam propartiacin 3, no special 1, bunched, small | 2, CW, medium
prop requirements acceptance acceptance

Beam properties out

1, emittance blow-up

3, us or ms bunch,
small emittance

2, CW or bunched

Low intensities

3, no contamination

2, some 100 fA

1, high rest-gas level

Rapidity 3, instant, us isotopes | 2, 10 ms 1,afew 10 ms
cSD 3, narrow, 3, narrow, 2, broad CSD,
high charge state high charge state moderate charge
CSD tuning 1, not tunable 3, change time 2, many parameters
Machine 2, foil change 1, multiple parts 2, change plasma
contamination liner
[ Storage time 1, non existing 3,uptos 2, ~100 ms
Beam capacity 3, very high, 100 uA 1, limited to nA 2, several uA

Weight function according personal preference

(trap +EBIS)

Energy spread 1, AW/W~1%0 2, afew 10 eV*q 3, some eV*q
Efficiency 2, afew % 2, afew % 2, afew %
Life-time 2, foil breakage, 1, electron 3, klystron lifetime
50 mC/cm? cathode
Price 1 high, (incl. pre-acc) |2 ~1 MUSD 3, ~0.3 MUSD




CONCLUSIONS oo o8
i Ty,
E1EDD s
GUIDELINES : =
* OBTAINED CB EFFICIENCIES IN 5% REGION
* EBIS FOR LOW INTENSITIES ; -
REAKING 0 =0 o0 150 200 250 300
* ECRIS-STRIPPER COMBINATION ~— .o -\ A "
FOR HIGH INTENSITIES Transmission efficiencies

for ECR and stripping schemes

THREE CHOICES - THREE VIRTUES

ECRIS
Electrical
« car
Fast but expensive  Large capacity but dirty Clean but low capacity

X
(pre-acc. LINAC) Acknowledgement
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